Abstract
Background Presently, cetuximab is the only molecular targeted drug approved for the head and neck cancer treatment in clinical practice. It is a human-mouse chimeric antibody that blocks the binding of EGFR [1] . The development and progression in 90% nasopharyngeal carcinomas are caused by EGFR. Theoretically, the use of cetuximab to block EGFR has inhibitory effects in most of the nasopharyngeal carcinomas. Moreover, a large proportion of head and neck tumors are resistant to cetuximab. Only 13% of the head and neck tumors benefitted from the use of cetuximab [2] . Despite multiple assessments of the resistance-related factors to cetuximab, no consensus marker has been established for the prediction of therapeutic effects of cetuximab in the treatment of head and neck cancer. A large number of molecular markers associated with cetuximab resistance were identified with respect to the nuclear expression of EGFR, H-Ras mutation, PI3K mutation, and c-Met protein overexpression [3] [4] [5] .
Nasopharyngeal carcinoma differed from the common head and neck tumors. It was primarily caused by the EB virus but not caused by HPV in the other head and neck cancers [6] . The nasopharyngeal carcinoma tissue has more keratinization and intercellular bridges than the other head and neck cancers. Thus, specific analysis and study of cetuximab resistance in nasopharyngeal carcinoma is essential. However, the efficiency of cetuximab in the treatment of nasopharyngeal cancer was low [7] . As a common high-incidence tumor in southern China, cetuximab has been shown to prolong the overall survival for only 3 months in some patients with nasopharyngeal carcinoma. Thus, identifying the efficiency of cetuximab treatment in patients was essential [8] .
Klf4 was commonly expressed in nasopharyngeal carcinoma. Previously, KLF4 was found to be expressed in the cytoplasm of nasopharyngeal carcinoma, and it played a role as tumor suppressor gene [9] . Studies have shown that KLF4 was associated with H-Ras and PI3K, which are downstream to the EGFR pathway, mutations in the Ras pathway regulate the KLF4 expression [10] , the PI3K mutation was accompanied by altered KLF4 expression [11] . H-Ras and PI3K were common mutations associated with cetuximab resistance, and contrary to our previous research, KLF4 played the role of an tumor suppressor in these processes. The different functions of KLF4 were associated with its subcellular localization in cells and structure. The structural conformation of Klf4 had three typical C-terminus C2H2 zinc fingers (ZFs) as DNA binding regions and N-terminus activation regions [12] , in the study of KLF4, nuclear localization sequence (NLS) has been shown to play a role in subcellular localization and is specifically expressed in the cytoplasm or nucleus by modifying the nuclear exporting sequence (NES) [12] , and then analyze the relationship between different subcellular localizations and cetuximab resistance.
Methods

Clinical case data and tumor specimens
A total of 231 cases of nasopharyngeal carcinoma tissue specimens were selected by biopsy. All the patients were middle and advanced nasopharyngeal carcinoma (7th AJCC III-IVa); 63 were not treated with cetuximab but only treated with conventional radiotherapy and chemotherapy, and 168 were treated with cetuximab according to a standardized treatment. No patients with nasopharyngeal carcinoma underwent chemotherapy and radiotherapy before sample biopsy. In these specimens, 105 cases were collected at the 
Immunohistochemistry (IHC) method
After deparaffinization and rehydration, the paraffinembedded sections were subjected to antigen retrieval for 2 min. Then, the slides were incubated overnight at 4 °C with the following primary antibodies: (dilution 1:200, abcam, MA). Serial tumor sections and IHC staining evaluated the expression of proteins. KLF4 immunoreactivity was examined using a mouse polyclonal antibody. PBS was used as a negative control by omitting the primary antibody. The avidin-biotin technique was applied using DAB for visualization and hematoxylin for counterstaining. Histological and IHC evaluation were independently performed by two pathologists, who were blinded to the clinicopathological outcomes of the patients. Briefly, each slide was examined under a light microscope, and an initial score was assigned, which represented the estimated proportion of positive tumor cells (0: ≤ 5%; 1: 5-25%; 2: 25-75%; 3: ≥ 75%). The scores 0, 1 were defined as low and 2, 3 as high. The slides with indeterminate evaluation were re-evaluated, and a consensus was reached, as described previously [9] .
Mutation analysis of PI3K and H-Ras
Mutations in PI3K and H-RAS genes were detected in the clinical nasopharyngeal carcinoma specimens. 50 mg tissue specimens were selected from pathologically confirmed nasopharyngeal carcinoma tissues, and QIAamp DNA extraction kit (Shanghai, China) was used. Mutations in the first and second exons of H-RAS were detected. The forward primer for exon detection was hras1f-AGA CCC TGT AGG AGG ACC , and the reverse primer for the first exon was hras1r-GAG GAA GCA GGA GAC AGG , while the forward primer for the second exon was HRAS-E1-R-CTC GCC CGC AGC AGC TGC TG, and the reverse primer was HRAS-E2-R-GGG CCA GCC TCA CGG GGT TC. The PCR products were analyzed by gel electrophoresis, and the products extracted and amplified for sequencing [13] . For the PI3K gene, the mutations in the exons 9 and 20 were detected, and the primers were designed as described previously [14] . The sequencing primers for HNSCC-associated PIK3K hotspot mutations were synthesized (Sigma-Aldrich, St. Louis, MO, USA) and used for Sanger sequencing. The primer sequences for E542 site mutation were: 5′-cacgagatcctctctctaaaatcactgagcaggag-3′ (forward) and 5′-ctcctgctcagtgattttagagagaggatctcgtg-3′ (reverse). Sanger sequencing was performed at the Genomics and Proteomics Core Laboratories at the University of Pittsburgh, USA [14] .
Nuclear protein localization and expression
We demonstrate using EGFP fusion constructs that KLF4 nucleo-cytoplasmic transport is not regulated by the 5′ basic region but activated by a novel NLS and a nuclear export signal (NES), we demonstrate KLF4 nuclear export to be Crm1-dependent. Our previous prediction by bioinformatics software found that the NLS of KLF4 was localized at 404-417 aa (PKPKRGRRSWPRKR) and NES was located at 90-100 aa (FNDLLDLDFIL). The preliminary validation showed that the NES sequence could induce the localization and expression of KLF4 in the nucleus. The NLS (PredictNLS, https ://rostl ab.org/ owiki /index .php/Predi ctNLS /) and the NES sequences (NetNES 1.1 Server, http://www.Cbs.dtu.dk/servi ces/ NetNE S/) of KLF4 were predicted by bioinformatics and confirmed. The NLS and NES oligonucleotide sequences were synthesized. The EGFP fusion expression vector pEGFP-C1-Klf4 was constructed. Site-directed mutagenesis was employed for deleting the NLS and NES sequences, and pEGFP-C1-Klf4-del NLS and pEGFP-C1-Klf4-del NES vectors were constructed, respectively. Fluorescence microscopy displayed the localization of KLF4 after transfection into nasopharyngeal carcinoma cells to verify the plasma and nuclear localization.
Construction of HONE1 cells with H-Ras and PI3K mutations
The H-Ras and PI3K genes were mutated by using vectors. In order to detect whether the mutations of H-Ras and PI3K in nasopharyngeal carcinoma HONE1 cells would affect the expression of KLF4 and the therapeutic sensitivity of cetuximab to nasopharyngeal carcinoma cells, we firstly constructed the vectors with H-Ras mutation and the corresponding control. pBabe-HRAS G12D or pBabe-HRAS G12V vectors were used to construct the H-Ras mutant constructs. Moreover, the vectors of wildtype H-Ras and H-Ras G12D were constructed as controls. These vectors were purchased from Addgene. The mutations in the gene fragments were constructed using the QuikChange site-directed mutagenesis kit (Stratagene, MA). All constructs were authenticated by DNA sequencing [15] . The PI3K mutants in exons 9 and 20 were constructed using the N-FLAG-tag PIK3CA expression vector and the point mutation kit. The constructed plasmids were sequenced and purified for transfection into the cells [13] .
Immunofluorescence
Immunofluorescence was used to observe the expression location of KLF4 in the cells. The HONE1cells were cultured in a slide-added culture dish to allow the cell growth on glass slides. Subsequently, the cells were fixed with 4% paraformaldehyde, followed by hydrated with PBS and incubation with KLF4 antibody for 45 min. Then, secondary Alexa Fluor 488-conjugated anti-rabbit antibody was reacted for 45 min at room temperature. The nuclei were stained with DAPI. Finally, the slides were observed under a confocal microscope to detect the location of KLF4 based on the fluorescence intensity (Olympus FV1000, Japan) [16] .
Western blot
Cytoplasmic and nuclear proteins of HONE1 cells were extracted by Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime), protein lysates were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. The blots were probed with the primary antibodies against Klf4, followed by HRP (horseradish peroxidase)-labeled secondary antibodies. The hybridization signal was detected using enhanced chemiluminescence (ECL). GAPDH was used as a loading control [9] .
Apoptosis was detected by flow cytometry
The adherent 5-8F and HONE1 cells were trypsinized, and then resuspended in binding buffer. Then, Caspase 3/7 was added to the mixture and incubated in the dark for 25 min at room temperature. PI was added to the cells 5 min before flow cytometry. The results of flow cytometry detection were analyzed by Flow Jo (BD bio, CA).
Statistical analysis
Statistical analysis was performed using the SPSS 13.0 software package. Associations between the clinicopathological features and Klf4 and nEGFR expression by IHC were analyzed using the Chi squared test. Multivariate survival analyses were performed using the Cox regression model. The overall survival (OS) was measured from the onset of treatment to the date of death or the survival status at the last date of follow-up. The OS probabilities were estimated by the Kaplan-Meier method and the significance of differences was assessed by the log-rank test. The correlations between Klf4 and nEGFR expression and/or H-Ras and PI3K mutation with clinicopathological factors were analyzed using Fisher's exact probability test or the Chi squared test. P value < 0.05 was considered as statistically significant.
Results
Expression of KLF4 in the nucleus induced a poor prognosis in patients treated with cetuximab
Tumor specimen from 168 NPC patients consisting of 94 males and 74 female were included in this study. The median age was 54 years (range 34-79 years), clinicopathological features as shown in Table 1 . The expression of KLF4 in the nucleus and/or cytoplasm of nasopharyngeal carcinoma tissues was detected by IHC in Fig. 1A is the representative image). The two groups patients were as follows: one treated with cetuximab in addition to basic treatment (168 cases) and the other is only basic treatment without cetuximab treatment (63 cases). The relationship between KLF4 expression and the general clinical parameters in 168 cases of nasopharyngeal carcinoma with cetuximab treatment in addition to basic treatment was shown in Table 1 . The KLF4 was highly expressed in the cytoplasm of 22 cases of 63 cases without cetuximab treatment. However, no significant correlation was established between the expression of KLF4 and age, sex, and clinical stage in the 63 cases. Patients with basic treatment only showed a high expression of the KLF4 protein in the cytoplasm with a better prognosis than that of the low expression (Fig. 1B-a , P = 0.026), correspondingly, 23 cases showed a high expression of KLF4 in the nucleus but without a significant correlation with prognosis ( Fig. 1B-a, P = 0.261) . Moreover, in the 168 cases treated with cetuximab in addition to basic treatment, 65 showed a high expression of KLF4 in the cytoplasm. The prognosis of patients with high-expression of KLF4 in the cytoplasm was significantly better than that in the low-expression group (P = 0.009). Furthermore, of the 168 cases of nasopharyngeal carcinoma patients, 56 showed a high expression of KLF4 in the nucleus that can cause poor prognosis of nasopharyngeal carcinoma (P = 0.011).
KLF4 expression in the nucleus was correlated to H-Ras and PI3K mutations
The c-Met and nEGFR protein was detected by IHC in 168 cases of nasopharyngeal carcinoma patients treated with cetuximab and clinicopathological features as shown in Table 2 . H-Ras and PI3K mutations were detected by arms-PCR and clinicopathological features as shown in Table 3 . The c-Met protein was predominantly expressed on the cell membrane ( Fig. 2A-c) , while the nEGFR protein was expressed on the cell membrane as well as in the nucleus. This study mainly observed the EGFR protein that was expressed in the nucleus ( Fig. 2A-d) . The relationship between these indicators and the general clinical parameters was shown in Table 2 . 78/168 cases of nasopharyngeal carcinoma highly expressed the c-Met protein. The prognosis of nasopharyngeal carcinoma in the group of high c-Met protein expression was significantly poorer than that of the low expression group (Fig. 2B -a, P = 0.045). The prognosis of nasopharyngeal carcinoma in the group of high nEGFR expression was significantly lower than that of the low expression group (Fig. 2B-b , P = 0.001). H-Ras and PI3K mutations can lead to poor prognosis in patients with nasopharyngeal carcinoma (P = 0.045, P = 0.001). The analysis of the correlation between the KLF4 expression in nasopharyngeal carcinoma and the expression of c-Met and nEGFR, or the correlation between KLF4 expression and H-Ras and PI3K mutations did not identify an association between the cytoplasmic KLF4 expression and the expressions of c-Met and nEGFR and Ras and PI3K mutations. The KLF4 expression in the nucleus was significantly correlated with H-Ras and PI3K mutations. In the nasopharyngeal carcinoma with H-Ras and PI3K mutations, the level of nuclear KLF4 was increased, and the difference was statistically significant (P < 0.05). No significant correlation was observed between the cytoplasmic KLF4 expression and the common indicators of cetuximab resistance. In a multivariate analysis incorporating all clinicopathologic variables and covariates as shown in Table 4 .
Increased expression of KLF4 in the nucleus led to cetuximab resistance
Immunofluorescence confirmed that the KLF4 was overexpressed in the cytoplasm of HONE1 cells (Fig. 3a) . Alternatively, the Klf4-del NLS cell line with KLF4 specifically expressed in the nucleus was generated by deleting the cytoplasmic localization sequence using pEGFR-C1-Klf4-delNLS. Immunofluorescence showed that the expression of KLF4 was markedly enhanced in the nucleus (Fig. 3a) . In order to confirm that the expression of KLF4 protein in the cytoplasm or nucleus was increased, the nuclear and cytoplasmic proteins were extracted, respectively, for detection by Western Blot. The 5-8F (left) and HONE1 (right) showed that the cytoplasmic KLF4 protein was significantly increased in the Klf4-del NES cells as compared to the control group (Fig. 3b ) and quantified with a statistical representation of the results in Table 5 . Similarly, KLF4 expression was significantly increased in HONE1 nuclei in Klf4-del NLS cells. It is showed the extraction of nuclear and cytoplasmic proteins of 5-8F and HONE1 cells in nasopharyngeal carcinoma. Western blot verified the expression of KLF4 protein in nucleus and cytoplasm. The cells were treated with 2 μg/mL cetuximab after high expression of KLF4 in the cytoplasm and nucleus. Flow cytometry was used for the detection of apoptosis (Fig. 3c ) and revealed that cetuximab was induced apoptosis in HONE1 cells (Q2 indicated apoptotic cells) as compared to the control group. Compared to the HONE1 cells with transfection of control plasmid, the cetuximab-induced apoptosis in the cells with high expression of KLF4 in the cytoplasm was not increased significantly. Correspondingly, after high expression of KLF4 in the nucleus, the apoptosis was decreased significantly in cetuximab-treated cells as compared to 5-8F and HONE1 cells with transfection of control plasmid, suggesting resistance to cetuximab (Fig. 3d) .
Mutations of H-Ras and PI3K genes led to increased KLF4 expression in the nucleus and cetuximab resistance
HONE1 cells with H-Ras mutation (abbreviated as m-HRas) and HONE1 cells with PI3K mutation (abbreviated as m-PI3K) were established, and immunofluorescence microscopy was performed to investigate the expression location of KLF4. The KLF4 fluorescence 16:183 intensity was found to be increased in the nucleus of H-Ras mutation cells and PI3K mutation cells. Moreover, the mutations in H-Ras and PI3K genes were effectuated in Klf4-del NES cells with specifically expressed KLF4 in the cytoplasm. And then, the m-HRas/cKlf4 cells with KLF4 expression in the cytoplasm and H-Ras mutation, and m-PI3K cells with KLF4 expression in the cytoplasm were also constructed (m-PI3K/cKlf4 cells). Immunofluorescence showed that the expression of KLF4 was increased in the cytoplasm in m-HRas/cKlf4 and m-PI3K/cKlf4 cells, meanwhile, the KLF4 expression in the nucleus was not affected by H-Ras and PI3K mutations with respect to the cytoplasm in HRas/cKlf4 and m-PI3K/cKlf4 cells (Fig. 4A) . Western blot verified that KLF4 protein expression in the nucleus of m-HRas Hone1 cells (#1) was increased as compared to that of the control group (#2). The KLF4 protein expression in the nucleus of mHRas/cKlf4 HONE1 cells (#3) was not altered significantly as compared to the control group (#4) (Fig. 4B, up) , similarly, KLF4 protein expression in the nucleus of m-PI3K Hone1 cells (#a) was increased as compared to that of the control group (#b). The KLF4 protein expression in the nucleus of mPI3K/ cKlf4 HONE1 cells (#c) was not altered significantly as compared to the control group (#d) (Fig. 4B, down) and and quantified with a statistical representation of the results in Table 6 . Eight different genetically modified HONE1 cells-mHRas, Cont/m-HRas, m-HRas/cKlf, Cont/m-HRas/cKlf4, mPI3K, Cont/m-PI3K, m-PI3K/ cKlf, Cont/m-PI3K/cKlf4-were treated with cetuximab. The m-HRas and m-PI3K in HONE1 cells were found to be resistant to cetuximab after the mutation of H-Ras and PI3K genes, with a significant reduction of cetuximab-induced early apoptosis (Q2) (Fig. 4C) . In the specific expression of KLF4 protein in the cytoplasm HONE1 cells, after m-HRas and m-PI3K mutation were not significantly resistant to cetuximab as compared to the control group. The changes in the ratio of apoptotic cells treated with cetuximab were analyzed in 5-8F and HONE1 cells with four different genetic alterations, respectively. The early apoptosis of m-HRas and m-PI3K in 5-8F and HONE1 cells were significantly decreased as compared to Cont/m-Hras and Cont/m-PI3K cells. Correspondingly, the early apoptosis of m-HRas/cKlf4 and m-PI3K/cKlf4 cells were no significantly increased as compared to control cells (Fig. 4D ).
Discussion
Drug resistance is common in the treatment of molecular-targeted drugs; for example, T790M mutation of EGFR in lung adenocarcinoma was the major cause of gefitinib resistance and other TKI drugs' resistance [17] , while K-Ras mutation was the main cause of cetuximab resistance in colorectal cancer [18] . The molecular targeted drug therapy theoretically stated that the potentially effective patients could be screened out by biological markers, which could improve the rate of efficiency in patients for accurate treatment, thereby providing additional treatment opportunities for cancer patients.
A number of indicators have been reported in the head and neck tumors to predict the resistance of cetuximab, such as EGFR expression [19] , EGFR gene polymorphism [4] , EGFR VIII expression [20] , EGFR expression in the nucleus [3] , methylation of EGFR [21] , ErbB pathway and MET activation [22] , and Axl overexpression [23] and changes in the downstream pathway of EGFR, such as HRAS mutation, deletion of PTEN gene [24] , and abnormalities in the PI3K pathway [25] . Because of the differences between nasopharyngeal carcinoma and head and neck tumors, and the unique biological characteristics of nasopharyngeal carcinoma, the cetuximab resistance might be predicted in the head and neck tumors; however, whether there was a correlation between these indicators and the drug resistance of cetuximab therapy in nasopharyngeal carcinoma has not been analyzed [26] .
In previous studies, we verified the several common indicators related to cetuximab resistance in nasopharyngeal carcinoma. c-MET, nEGFR, H-Ras, and PI3K mutations [3] were also related to cetuximab resistance in nasopharyngeal carcinoma. And base on these indicators were used as positive control, the current study showed that in nasopharyngeal carcinoma patients that treated with cetuximab, those with KLF4 expression in the nucleus showed a poor prognosis, and the KLF4 expression in the nucleus was significantly associated with common drug resistance-related indicators such as H-Ras and PI3K mutations. One of the underlying mechanisms might be as follows; mutations in EGFR downstream pathways, including EGFR/ cascades-Ras/Raf/MAPK and EGFR/PI3K/Akt/mTOR [25, 27] , and among them, H-Ras mutation was dominant in cascades-Ras/Raf/MAPK pathway, while the PI3K mutation was dominant in PI3K/Akt/mTOR pathway. On the other hand, a mutual regulation between H-Ras and PI3K [28, 29] , when KLF4 was affected by one of the mutated genes, might be affected by another gene mutation consecutively.
Presently, several studies showed that the expressions of Ras [10] and PI3K [30, 31] were related to KLF4, and our study showed that the mutations in H-Ras and PI3K were associated with KLF4 in nasopharyngeal carcinoma. The in vitro experiments also confirmed that the mutations in H-Ras and PI3K did not exert a significant effect on the resistance of cetuximab when KLF4 was overexpressed in the cytoplasm, thereby indicating that cetuximab-mediated resistance by H-Ras and PI3K mutations was induced by the high expression of KLF4 in the nucleus. Nonetheless, this study had a limitation. The mutations in H-Ras and PI3K genes did not result in the high endogenous expression of KLF4 in the nucleus when KLF4 was specifically overexpressed in the cytoplasm, which might be attributed to the competitive expression of proteins in subcellular localization [32] , and the specific mechanism needs to be elucidated further.
The role of KLF4 in nasopharyngeal carcinoma attracted increasing attention. The current study found that the detection of KLF4 expression in the nucleus by IHC could predict whether the nasopharyngeal carcinoma was resistant to cetuximab based on the previous study. Since the IHC detection of KLF4 was a simple and feasible clinical method, it could be used to predict the efficiency of cetuximab quickly. Furthermore, this study showed that the altered subcellular localization of KLF4 could affect the resistance to cetuximab, suggesting a way to block the localized expression of KLF4 in the nucleus to improve the efficacy of cetuximab in the treatment of nasopharyngeal carcinoma as well as head and neck tumors. 
